The origin of a blue luminescence band at 2.7 eV and a luminescence excitation band at 5.2 eV of hafnia has been studied in stoichiometric and non-stoichiometric hafnium oxide films. Experimental and calculated results from the first principles valence band spectra showed that the stoichiometry violation leads to the formation of the peak density of states in the band gap caused by oxygen vacancies. Cathodoluminescence in the non-stoichiometric film exhibits a band at 2.65 eV that is excited at the energy of 5.2 eV. The optical absorption spectrum calculated for the cubic phase of HfO 2 with oxygen vacancies shows a peak at 5.3 eV. Thus, it could be concluded that the blue luminescence band at 2.7 eV and HfO x excitation peak at 5.2 eV are due to oxygen vacancies. The thermal trap energy in hafnia was estimated. V C 2014 AIP Publishing LLC. The transition from conventional SiO 2 to the high-k gate oxides has been recently begun in semiconductor microelectronics. Among all high-k dielectrics, hafnium oxide (HfO 2 ) is presently the predominant choice of materials for the gate dielectric in metal-oxide-semiconductor (CMOS) devices, DRAM (dynamic random access memory) capacitors, and a blocking insulator in Si-oxide-nitride-oxide-silicon (SONOS)-type flash memory cells.
The transition from conventional SiO 2 to the high-k gate oxides has been recently begun in semiconductor microelectronics. Among all high-k dielectrics, hafnium oxide (HfO 2 ) is presently the predominant choice of materials for the gate dielectric in metal-oxide-semiconductor (CMOS) devices, DRAM (dynamic random access memory) capacitors, and a blocking insulator in Si-oxide-nitride-oxide-silicon (SONOS)-type flash memory cells. 1 One of the main problems on the way of HfO 2 mass implementation in the technological process is a high conductivity caused by defects with high concentration. Oxygen vacancies are the most probable and spread defects responsible for high conductivity. On the other hand, some HfO 2 applications require a high concentration of intrinsic defects, such as oxygen vacancies. For example, using of HfO 2 as active medium of memory elements is based on charge localization (flash memory), 2 as well as new resistive memory based on the reversible switching from the high dielectric state to the low-resistance when the current flows. [3] [4] [5] [6] Thus, oxygen vacancies identification in HfO 2 and their concentration control are important tasks. Luminescence is one of effective non-destructive methods for the study of defects in dielectrics. [7] [8] [9] The blue luminescence band at 2.7 eV in HfO 2 was observed. [10] [11] [12] [13] [14] [15] The origin and atomic structure of the defect that is responsible for the luminescence at 2.7 eV is currently unclear. The hypothesis that this luminescence band is due to oxygen vacancies in HfO 2 was suggested elsewhere. 15 The quantum-chemical modeling of oxygen vacancies in HfO 2 can prove this hypothesis; however, modeling of luminescence from the first principles is an extremely difficult task. At the same time, the luminescence excitation energy is equal to the energy absorption in some dielectrics. 16 The luminescence excitation energy in hafnia is close to 5.2 eV. 11 However, the absorption spectra of hafnia
give rather a wide range in the position of the absorption peak at 3.5-5.2 eV. 11, [17] [18] [19] The origin of the optical absorption band is likely due to oxygen vacancies. The optical absorption spectra of hafnia could be simulated from the first principles. 20 In this work, we studied the stoichiometric and nonstoichiometric hafnium oxide films, focusing on the band alignment in the luminescence and excitation spectra. We compared the X-ray photoelectron spectra and cathodoluminescence (CL) spectra with the results of quantum-chemical calculations.
The HfO x (x < 2) films were grown using ion-beam sputtering deposition. Silicon plates Si (100) with resistance 4.5 X Â cm, which undertook a deep cleaning by an RCA Co. technique, were used as substrates. The target was sputtered by a beam of Ar þ ions and high purity oxygen (O 2 > 99.999%) was simultaneously delivered into the area near the target and substrate. The HfO x films composition (x-parameter) was controlled by a partial oxygen pressure using the gas flow controller. In our experiments, we grew two sets of the HfO x films at 9 Â 10 À3 and 2 Â 10 À3 Pa O 2 . Under such conditions, the films with almost stoichiometric (x % 2.0) and nonstoichiometric (x % 1.9) composition were grown.
The core-level and valence band spectra of the HfO x films were obtained on a photoelectron spectrometer (SPECS Surface Nano Analysis GmbH) using monochromatic Al Ka radiation. The [O]/[Hf] atomic ratios calculated using Scofield cross-sections and integral intensities of the O 1 s and Hf 4f spectra of the stoichiometric and nonstoichiometric films were approximately 2.0 and 1.9, respectively. The cathodoluminescence spectra were measured in the range from 1.5 to 3.8 eV at 300 K using a Camebax electron probe microanalyzer. The samples were irradiated by a beam of electrons with the energy of 5000 eV, penetrating to a depth of 0.2 lm with the current density of 1. software package. 21 We adopted a hybrid functional B3LYP to reproduce the accurate band gap values. The potentials of nuclei and core electrons were expressed via pseudopotentials retaining the norm. The Bloch functions of electrons in the crystal were represented by plane wave expansions with a cutoff energy of 55 Ry. The cutoff energy was selected so as to ensure the total cell energy convergence to within 0.006 eV/atom. The calculation grid density in the reciprocal space was 2 Â 2 Â 2. We used 81-atom cubic hafnia (c-HfO 2 ) supercells to simulate the oxygen vacancy. The choice of the cubic phase is justified according to its simple structure and the expense of a significant amount in the required computational facilities and computation time for this kind of calculation. The atomic arrangement was optimized with a force convergence threshold of 0.04 eV/ð. The valence band spectra were calculated by the summation of the partial densities of states of the valence orbitals taken with the weight factors equal to the corresponding photoionization cross-sections borrowed from Ref. 22 The Hf 4f and valence band spectra observed experimentally for the stoichiometric and non-stoichiometric hafnia films, the valence band spectra calculated for perfect cubic hafnia and cubic hafnia with oxygen vacancy as well as corresponding difference spectra, are shown in Fig. 1 . As seen from the difference spectrum, stoichiometry violation leads to the appearance of a low-energy shoulder at spinorbital doublet Hf 4f 7/2 ÀHf 4f 5/2 . A similar shoulder appears in the core-level spectra of hafnium oxide whose stoichiometry is disrupted by argon ion bombardment. 23 This shoulder can be attributed to hafnium in the metallic state and hafnium suboxide HfO x (x < 2). [24] [25] [26] Thus, the presence of oxygen vacancies in the studied non-stoichiometric hafnia film can be inferred without doubt.
An independent proof of the existence of oxygen vacancies in HfO x can be obtained from the comparison of the experimental valence-band spectra with the corresponding spectra calculated from the first principles for cubic hafnium oxide (Fig. 1) . The calculation satisfactorily describes the experiment, with the fact that the XPS spectra are compared for HfO 2 in amorphous and cubic phases. It was shown 23 that the theoretical XPS spectra give a better description of the experimental data for monoclinic and orthorhombic HfO 2 . The main discrepancy is that the experimental XPS valence band spectra consist of two symmetrical peaks, 27 whereas the theoretical XPS spectra exhibit two asymmetric peaks. As seen from Fig. 1 , the violation of hafnia film stoichiometry leads to the formation of electronic states at the energies of 3 eV above the top of the valence band. The theoretical spectra of cubic HfO 2 with neutral oxygen vacancies demonstrate a similar result. The peaks in this region might have been caused by electron photoemission from the 5 d metallic hafnium level. With an increase in oxygen vacancies concentration, the calculated peak near 3 eV broadens and increases in intensity. Thus, the oxygen vacancies concentration in the sample can be estimated as $10 21 cm À3 , i.e., by the order of atomic percent.
The cathodoluminescence spectrum of the HfO 1.9 film (Fig. 2) showed a peak at 2.65 eV. The photoluminescence (PL) spectrum of HfO x (taken from Ref. 11) also has a peak at 2.7 eV. Previously, the cathodoluminescence band at 2.7 eV was observed in Ref. 12 . The excitation spectrum of the 2.7-eV photoluminescence band of HfO x is shown in Fig.  3 . 11 The maximum of the excitation spectrum of the blue 2.7-eV luminescence band is located at 5.2 eV. This peak is consistent with the optical absorption maximum at 5.3 eV calculated from the first principles for the cubic modification of hafnium oxide with oxygen vacancies. Thus, since the excitation peak of the 2.7-eV photoluminescence band in hafnium oxide corresponds to the peak of optical absorption of oxygen vacancies, we can conclude that the blue luminescence band at 2.7 eV and the excitation band at 5.2 eV are due to oxygen vacancies. Note that the calculation also shows the presence of a broad absorption band at 4.7 eV, which was earlier observed experimentally in Ref. 17 and predicted theoretically in Ref. 28 .
The blue luminescence band at 2.7 eV with the full width at a half maximum (FWHM) of 0.34 eV is observed in SiO 2 7,29 and is interpreted as the oxygen vacancy. The blue band in SiO 2 is excited at 5.0 and 7.6 eV. 29 According to our data, the oxygen vacancy in HfO 2 has the same luminescence maximum energy 2.7 eV but a significantly larger FWHM (Fig. 2) . The excitation energy of oxygen vacancies in HfO 2 is close to that in SiO 2 (5.2 and 5.0 eV, respectively).
A configuration diagram of optical transitions in neutral oxygen vacancies in HfO 2 is shown in Fig. 4 . The vertical transition with the energy of 5.2 eV corresponds to the optical excitation of an electron from the equilibrium ground state to an excited state. Relaxation from the excited state to the ground state corresponds to the radiative transition with the energy of 2.7 eV. The charge in HfO 2 is transferred via the traps. 5, 6, 30 Quantum-chemical simulation indicates that these traps in HfO 2 are oxygen vacancies. 20, 28 Thermal energy traps in HfO 2 are equal to a half of the Stokes luminescence shift W t ¼ (5.2-2.7)/2 ¼ 1.25 eV (Fig. 3) . The electron trap energy in hafnium oxide was previously determined in Ref. 17 to be 1.2 eV. The trap thermal energy value of 1.25 eV that we obtained is close to that of W t ¼ 1.36 eV observed in the experiment. 31 Furthermore, the trap optical energy value of W opt ¼ 2.5 eV is close to the calculated value of 2.35 eV for the negatively charged oxygen vacancy in hafnia reported in Ref. 32 . Thus, our results suggest that the oxygen vacancies in HfO 2 act as traps responsible for charge transport.
To summarize, the electronic structure of oxygen deficient non-stoichiometric hafnia was experimentally studied by cathodoluminescence, X-ray photoelectron spectroscopy, and theoretically with quantum-chemical calculation. It was established that the optical transitions simulation hafnia established that the excitation peak at 5.2 eV of photoluminescence is conditioned by oxygen vacancies. Thus, the luminescence band of 2.7 eV in hafnia is caused by oxygen vacancies. The investigation revealed the traps energy parameters in hafnia: The thermal excitation energy of 1.25 eV and the optical excitation energy of 2.5 eV. It was concluded that oxygen vacancies are electron traps, and they are responsible for the charge trapping and conductivity in the gate hafnia. 
